Abstract -The lithospheric mantle beneath the North China Craton changed dramatically in its geophysical and geochemical characteristics from Palaeozoic to Cenozoic times. This study uses samples of Mesozoic basalts and mafic intrusions from the North China Craton to investigate the nature of this mantle in Mesozoic times. Sr-Nd-Pb isotopic data demonstrate that the Late Mesozoic lithospheric mantle was extremely heterogeneous. In the central craton or the Luzhong region, it is slightly Sr-Nd isotopically enriched, beneath the Taihangshan region it has an EM1 character ( 87 Sr/ 86 Sr i = 0.7050-0.7066; ε Nd(t) = −17-−10), and beneath the Luxi-Jiaodong region, it possesses EM2-like characteristics ( 87 Sr/ 86 Sr i up to 0.7114). Compositional variation with time is also apparent in the Mesozoic lithospheric mantle. Our data suggest that the old lithospheric mantle was modified during Mesozoic times by a silicic melt, where beneath the Luxi-Jiaodong region it was severely modified, but in the Luzhong and Taihangshan regions the effects were much less marked. The silicic melt may have been the product of partial melting of crustal materials brought into the mantle by the subducted slab during the formation of circum-cratonic orogenic belts. This Mesozoic mantle did not survive for a long time, and was replaced by a Cenozoic mantle with depleted geochemical characteristics.
Introduction
The lithospheric mantle beneath the North China Craton has a unique evolution from a cold and thick (up to 200 km) Palaeozoic lithosphere (Griffin, O'Reilly & Ryan, 1992; Menzies, Fan & Zhang, 1993) to a hot and thin (< 80 km) Cenozoic lithosphere (Fan et al. 2000) . This implies a removal of more than 120 km thickness of lithospheric mantle in the Mesozoic. Such a dramatic change has been noted by earlier studies, but the mechanisms responsible for it remain unsolved and contentious. Menzies, Fan & Zhang (1993) suggested that subduction of the Pacific Plate was a driving force to destabilize the cratonic lithosphere. Zheng (1999) and Zheng et al. (2001) proposed that the old lithospheric keel was replaced by young oceanic lithosphere. Xu et al. (1998) and Xu (2001) emphasized the importance of a thermomechanical erosion from the base of the lithosphere. On the basis of Mesozoic basin development of the North China Craton, argued that thermal and chemical erosion in the Jurassic would have been triggered by circum-craton subduction † Author for correspondence: hfzhang@mail.igcas.ac.cn and subsequent continental extension. However, more geochemical data are needed to test these suggestions.
Mesozoic mantle-derived magmatic rocks in the North China Craton potentially provide constraints on the mantle evolution in the region and rigorously test the above models. This paper reports the results of a Sr-Nd-Pb isotopic study on Mesozoic basalts, gabbros and mafic dykes of the North China Craton in order to constrain the evolution of Mesozoic lithospheric mantle beneath the North China Craton. We will also discuss a possible mechanism responsible for such an evolution.
Geological background and petrology
The North China Craton consists of two Archaean blocks, the eastern and western blocks, separated by a Palaeoproterozoic orogenic belt (Zhao et al. 2001) . The basement of the Archaean blocks consists predominantly of Archaean to Proterozoic tonalitetrondhjemite-granodiorite (TTG) gneisses and greenschist to granulite facies, metamorphic rocks, covered by Sinian to Ordovician marine carbonates and shales. Carboniferous to Permian continental clastic rocks, and Mesozoic basin deposits. Mesozoic mafic rocks are widespread and show the following spatial distribution: mafic volcanism occurs in small extensional basins, dominantly in the Luxi-Jiaodong region and along the northern margin of the North China Craton (Fig. 1) , whereas mafic intrusions crop out in the Taihangshan and Luzhong regions (Fig. 1) . Volcanic rocks predominantly erupted in early Cretaceous times (Table 1) , while the gabbroic intrusions in the Taihangshan region have Jurassic ages (Table 1) .
Mafic volcanic rocks include Fangcheng basalts , Mengyin shoshonites (Qiu, Xu & Lo, 2002) , Jimo basalts and Liaoxi basalts (Chen et al. 1997; Zhang et al. 2003) (Fig. 1 ). All these rocks fall in the calc-alkaline series and are rich in Si, Ca, Mg, K, Na and LILE (large ion lithophile elements), and depleted in HFSEs (high field strength elements), a feature similar to island-arc volcanic rocks. Mafic intrusions such as the Jinan gabbros , Zouping and Laiwu gabbro-diorite complexes (L. H. Chen, unpub. Ph.D. thesis, Chinese Acad. Sciences, 2001) , and Hanxing and Laiyuan gabbro-monzonite/pyroxenite complexes (Tan & Lin, 1994) are also calc-alkaline (Fig. 1) . All the mafic intrusions show quite similar chemical characteristics. Some of them contain peridotite and/or pyroxenite xenoliths (Xu, Zheng & Wang, 1999; L. H. Chen, unpub. Ph.D. thesis, Chinese Acad. Sciences, 2001 ). Previous petrological and geochemical studies (Tan & Lin, 1994; L. H. Chen, unpub. Ph.D. thesis, Chinese Acad. Sciences, 2001) indicate that the gabbroic bodies did not undergo extensive fractional crystallization but have compositions of original basaltic magmas. Therefore, isotopic features of these mafic rocks could reflect the nature of their mantle source.
Analytical procedures
Fresh rock samples were ground with an agate mill and powders were spiked with mixed isotope tracers, , and references therein). All analytical results in this study are presented in Tables 2 and 3 . Table 3 ). They also display a clear regional variation, especially in Sr-Nd isotopic composition (Fig. 2) . Gabbros from the Taihangshan region have relatively restricted Sr and Nd isotopic ratios ( 87 Sr/ 86 Sr i = 0.7050−0.7066; ε Nd(t) = −17-−10), typical of the EM1 signature. In contrast, basalts and mafic dykes from the LuxiJiaodong region have extremely high 87 Sr/ 86 Sr i ratios (up to 0.7114) with Nd isotope compositions similar to those of the Taihangshan mafic intrusions, and are EM2-like (Fig. 2) . This EM2-like isotopic signature observed in these rocks from the Luxi-Jiaodong region is also the feature for the gabbros and pyroxenites from the Northern Dabie area (Fig. 2) . The latter was interpreted to have been derived from the mantle source that was severely affected by crust-mantle interaction during deep subduction (Jahn et al. 1999) .
Results

Mafic rocks from the
In the Luzhong region, the majority of gabbros have similar 87 (−30-60) (Fig. 3) . 
Discussion
5.a. Mantle heterogeneity
The lack of a positive correlation of 87 Sr/ 86 Sr i with SiO 2 or Mg no. in these Mesozoic mafic rocks (Fig. 4) suggests that the process of crustal contamination was insignificant in generating the major differences between the different sample groupings. This is further supported by the high MgO contents of these rocks Guo et al. 2001; Zhang et al. , 2003 . The presence of mantle xenoliths in some basalts and intrusions (Xu, Zheng & Wang, 1999; also demonstrates that the parental magmas ascended rapidly, which did not allow significant contamination. Therefore, these mafic rocks are taken to reflect the isotopic compositions of the Mesozoic lithospheric mantle beneath the North China Craton. Data from this study demonstrates the extreme heterogeneity and clear regional variation in this mantle. The lithospheric mantle beneath the central North China Craton was slightly Sr-Nd isotopically enriched toward an EM1 component, showing EM1 characteristics beneath the Taihangshan and an EM2-like character under the Luxi-Jiaodong region. In contrast, the lithospheric mantle beneath the northern margin appears to be more complicated: it was generally depleted (DMM) but with some involvement of an EM1 component (Fig. 2) . Here, we have applied the following names to these isotopically distinctive regions: Luzhong slightly enriched mantle, Taihangshan EM1 mantle, Luxi-Jiaodong EM2 mantle, and northern margin 'mixed' mantle (Fig. 1) . In contrast to the above regions in the eastern block, the western block does not show significant magmatism after Palaeozoic times (Fig. 1) . Therefore, Mesozoic lithospheric mantle beneath the western block may be quite different, that is, it has inherited characteristics from the old and cold lithosphere.
5.b. Temporal-spatial evolution
The present data clearly show a spatial evolutionary trend for the Mesozoic lithospheric mantle, that is, a gradual trend towards the more radiogenic in the Sr isotopic ratio and the less radiogenic in the Nd isotopic ratio from the centre of the North China Craton (block A in Fig. 1 ) to the Luxi-Jiaodong (block C) and Taihangshan regions (block B). Interestingly, this mantle also shows pronounced isotopic enrichment with time. In Luxi-Jiaodong region, basaltic rocks have ages from 170 to 120 Ma, and these rocks become more and more enriched in radiogenic Sr isotope compositions (Fig. 5) , with the highest 87 Sr/ 86 Sr i ratio (0.712) at 120 Ma. Similarly, in the northern margin of the North China Craton, Mesozoic basalts show a similar trend in Nd isotopes with time (see Xu, 2001 , fig. 7 ). We consider that these significant temporal and spatial evolutionary trends were most likely related to a significant tectonic and thermal event in eastern China.
5.c. Origin of mantle enrichment -interaction with silicic melt
Mantle enrichment beneath the North China Craton can be interpreted as resulting from an influx of melts from a subducted continental slab, which over Table 1 ). Data sources are from this study and the literature: Luzhong region (this study, Guo et al. 2001; L. H. Chen, unpub. Ph.D. thesis, Chinese Acad. Sciences, 2001) ; Taihangshan region (this study); LuxiJiaodong region (J. H. Yang, unpub. Ph.D. thesis, Chinese Acad. Sciences, 2000; Fan et al. 2001; Qiu, Xu & Lo, 2002; ; Northern margin of the NCC (Chen et al. 1997; Zhang et al. 2003) ; Gabbro-pyroxenite from the Northern Dabie (Li et al. 1998; Jahn et al. 1999) . DMM: depleted MORB (midocean ridge basalt) mantle; EMI -enriched mantle 1; EM2 -enriched mantel 2. time would develop isotopic heterogeneity . This melt was high in the LILEs and radiogenic Sr isotopic compositions, and low in HFSEs and radiogenic Nd-Pb isotopic compositions. Silicic melt with these geochemical characteristics can only be derived by partial melting of an old lower crust. High Th/U ratios of the rocks in this study (enriched in 208 Pb) indicate the possible involvement of middle, even upper crust in their sources.
The Mesozoic lithosphere was undoubtedly evolved from the Palaeozoic lithosphere, thus it should have inherited some Palaeozoic lithosphere signatures. Mantle xenoliths have been discovered in Palaeozoic kimberlites from the North China Craton and these xenoliths have very restricted Nd isotopic compositions (ε Nd −5: . Nd isotopic compositions for gabbros from the Luzhong region (ε Nd < −10) are slightly lower than those of the Palaeozoic kimberlite-borne mantle xenoliths from the North China Craton, suggesting that their mantle source retained characteristics of the old lithospheric mantle, with slight modification. In contrast, basalts from the Luxi-Jiaodong region have ε Nd values (average ≈ −16, Fig. 2 ) much lower than those of the Palaeozoic mantle xenoliths, indicating that the Mesozoic lithospheric mantle beneath the LuxiJiaodong region was modified severely by the addition of a significant quantity of silicic melts. The reaction of silicic melts with the refractory Palaeozoic mantle peridotite may have produced pyroxenite veins in the mantle, as evidenced by the occurrence of pyroxenite xenoliths in Fangcheng basalts . This modified lithosphere (peridotite + pyroxenite) became the source of Mesozoic calc-alkaline basalts and mafic intrusions. The crust-derived silicic melt requires an early subduction process to bring the crust to the mantle depth. Thus, we can envisage that the lithospheric mantle beneath the North China Craton experienced several evolutionary stages during Phanerozoic times, although the subduction could have occurred as early as Palaeozoic times. The Palaeozoic cratonic lithospheric mantle evolved into the Mesozoic enriched lithospheric mantle as a result of interaction with a melt from the subduction of a continental slab. This Mesozoic mantle did not survive for a long time period, since the Cenozoic lithospheric mantle underneath the North China Craton is again very different, that is, it is now fertile but depleted in Sr-Nd isotopic compositions (Fan et al. 2000) .
Conclusions
(1) Mesozoic basalts and mafic intrusions on the North China Craton are largely uncontaminated by continental crust, and therefore can be used to investigate the nature of their mantle sources.
(2) The Mesozoic lithospheric mantle underneath the North China Craton was highly heterogeneous. The mantle beneath the central craton and the Taihangshan region exhibited an EM1 character, that is, it was more enriched in the LREE than Rb, whereas lithospheric mantle beneath the Luxi-Jiaodong region was EM2-like, that is, more enriched in Rb than the LREE.
(3) The Mesozoic lithospheric mantle underneath the North China Craton is envisaged as having evolved from the Palaeozoic mantle severely modified by a silicic melt from a subducted continental slab.
